The interaction between two different shaped structures is very important to be understood. The Fluid-structure interaction and aerodynamics of a circular cylinder in the wake of a V-shaped cylinder are examined experimentally, including forces, shedding frequency, lock-in process, etc., with the V-shaped cylinder width d varying from 0.6D to 2D, where D is the circular cylinder diameter. While the streamwise separation between the circular cylinder and V-shaped cylinder was 10D fixed, and the transverse distance T between them was varied from 0 to 1.5D. Fluid force on the circular cylinder and shedding frequency behind the V-shaped cylinder were measured using a load cell and hotwire, respectively. The major findings are: (i) a larger d of the V-shaped cylinder begets a larger velocity deficit in its wake; (ii) the lock-in between the shedding from the two cylinders is 
INTRODUCTION
The vortex rotating in opposite directions is generated alternately in two rows due to the separation of the boundary layer from the surface of a bluff body in a flow. The two rows of vortices are formed in the wake of the body and called Karman vortex streets. In the past, there have been many studies done on Karman Vortex Streets. For example, Griffing and Ramberg (1974) conducted a detailed investigation on the vortex location and circulation, using visualization experiments at Reynolds numbers Re = 144 and 190 for fixed and vibrating cylinders. A structure subjected to a fluid flow may experience vibration due to the Karman vortex shedding from it. On the other hand, the vibration of a structure submerged in the Karman vortex street of another is more complex (Alam and Kim 2009; Kim and Alam 2015) . Practical examples in engineering are vibrations of suspension bridges, high-rise buildings, heat-exchanger tubes, risers, etc., due to wind or water flow. The interaction between fluid and structures and its consequence (e.g., vibrations) engender noises. It is well known that a structure vibration results from a lock-in phenomenon where the frequency of vortex shedding from the structure is the same as the natural frequency of the structure. The lock-in phenomenon leads to a resonance, affecting the service life of the structure. An exemplary incident caused by this lock-in phenomenon is the collapse of the Tacoma Bridge in Tacoma in the state of Washington, USA in November 1940. Since then, there have been continuous studies made on vibrating structures subjected to fluid flow. Lam and To (2003) performed an experimental study where the cylinder was flexible placed in the wake of a larger diameter cylinder. No violent vibration was observed because the upstream cylinder of being larger diameter shelters the downstream cylinder. Rahmanian et al. (2012) performed a numerical simulation on vortex induced vibrations of two cylinders that were mechanically coupled, behaving as one combined cylinder. The interaction between the coupled cylinders led to a very irregular vibration of the bundle both in-line and cross-flow directions. Mahir and Rockwell (1996) studied flow structures around two cylinders vibrated forcibly in inphase and out-of-phase modes. Kim et al. (2009a, b) investigated the flow-induced vibration characteristics of two circular cylinders in tandem arrangement. The response characteristics of the cylinders were classified into five regimes based on spacing ratio. Haniu et al. (2009) employed forced rotational vibration of a triangular prism to experimentally investigate the transient phenomenon from no-lock-in state to lock-in state. It is of fundamental interest to know the answers to some crucial questions: how does the lock-in of a structure behave when the structure is placed in vortex streets formed by another structure varied in size? How would the street and lock-in influence the fluctuating forces on the structure?
To mitigate the above curiosity, this paper aims to identify the lock-in phenomenon and measure the fluctuating fluid force acting on a circular cylinder placed in the wake of an upstream V-shaped cylinder. In order to change the frequency of vortices in the street, the lateral dimension d of the V-shaped cylinder was changed systematically from d = 0.6D to 2.0D, where D is the circular cylinder diameter. The position of the circular cylinder was varied from the V-shaped cylinder wake centerline (T/D = 0) to T/D = 1.5, where T is lateral spacing between the circular cylinder center to the V-shaped cylinder wake centerline. While the frequency of vortices generated by the V-shaped cylinder was estimated from a power spectral density function of streamwise velocity obtained using a hotwire, the fluctuating force on the circular cylinder was measured using a sectional load cell.
EXPERIMENTAL DETAILS
The experiments were conducted in a closed-circuit wind tunnel having a testsection of 300 mm in width, 1200 mm in height and 2200 mm in length. The free-stream velocity, U 0 , in the tunnel was 10 m/s, giving a Reynolds number (Re) of 3.410 4 , based on U 0 and the circular cylinder diameter D. Within the test-section, the flow was uniform within 2% of the centerline velocity. The longitudinal turbulence intensity, when the tunnel was empty, was less than 0.5% at flow velocity 10 m/s. Figure 1 shows the models, experimental arrangement, symbol definitions and the details of the load cell used for fluid force measurement. As seen, the upstream cylinder, V-shaped, was made with two plates, both hinged at the leading edges. Each plate was 50 mm in width and 2 mm in thickness. The circular cylinder in the downstream was 50 mm diameter. Both circular and V-shaped cylinders spanned the horizontal 300 mm dimension of the wind tunnel. The characteristic width of the Vshaped cylinder, defined by d, is the distance between the free edges of the plates. Two small rods, each of 10-mm diameter, supported the free edges of the plates, boosting the rigidity of the V-shaped cylinder. Adjustment of the lateral separation between the two rods enables the change in d. A rectangular coordinate system of x, y and z corresponding freestream, cross-stream and spanwise directions, respectively, is adopted with its origin at the intersection of V-shaped cylinder wake centerline and the line connecting centers of the rods. z = 0 corresponds to the midspan of the cylinder.
The circular cylinder was located at x = 500 mm (=10D). The lateral spacing between the circular cylinder center and the V-shaped cylinder wake centerline (y = 0) is defined as T (Fig. 1) , which was varied from 0 to 1.5D.
As the circular cylinder is in the wake of the other, the load cell installed at the midsection of the circular cylinder measured fluctuating forces caused by the convective vortices from the V-shaped cylinder and also by the vortex shedding from the circular cylinder itself. Thus the power spectrum of fluctuating lift force measured by the load cell can extract vortex shedding frequencies from both V-shaped and circular cylinders. With a change in d/D from 0.6 to 2.0 with d/D = 0.1, vortex shedding frequency of the V-shaped cylinder in the absence of the circular cylinder was measured using a hotwire at (x, y) = (10D, D). For tandem cylinders, it was found that the shedding frequency of the upstream cylinder is unaffected by the presence of the downstream cylinder when the spacing between the cylinders is larger than 8D (Alam et al. 2003 , Sumner 2010 . So the presently hotwire-measured frequency of the vortex shedding from the V-shaped cylinder is assumed to be unchanged if the circular cylinder cylinders placed at x = 10D.
A modal analysis of the fluctuating lift signal is conducted to extract dormant information on lock-in phenomenon and physics for generation of maximum lift. The fluctuating lift force signal is passed through band pass filters with pass-band frequencies centered at f 1 and f 2 , where f 1 and f 2 are the shedding frequencies of upstream and downstream cylinders, respectively. Time-dependent amplitude of the lift is obtained by differentiating the signal; the amplitude corresponds to zero slope. Then the median of the time-dependent amplitude is estimated. When the local amplitude is larger and smaller than the median, the shedding mode is classified as "strong" and "weak" respectively. Figure 2 shows the normalized time-mean streamwise velocity (Fig. 2) , and (iii) different cross-sections. On the other hand, in the latter regime the upstream cylinder being much larger than the other engenders a larger lateral distance between the two rows of vortices; the downstream cylinder is thus lies between the two rows, failing to have a strong interaction with the upstream-cylinder-generated vortices. 
RESULTS AND DISCUSSION
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Intermittent lock-in between f 1 and f 2
In order to clarify the influence of intermittent lock-in and non-lock-in, the lift force signal was band passed at 15-20 and 25-30, corresponding to the upstream and downstream cylinder frequencies (f 1 and f 2 ). Shown in Fig. 6(a, b) at T/D = 0.7, d/D = 1.4 are (i) fluctuating lift signal, (ii) time-dependent lift amplitude, (iii) histogram of the lift amplitude, and (iv) timing chart of the presences of strong and weak amplitude corresponding to strong and weak interactions or shedding; here "strong" (set as 1.0) and "weak" (set as -1.0) refer to the cases where the lift amplitude larger and smaller than the median value. Figs. 6(a(iv)) and 6(b(iv)) illustrate that strong and weak modes appear intermittently in the combinations shown in Table 1 Table 1 .
mode B, which is considered as the case where the f 1 is absent; that is, the upstream cylinder shedding frequency locks-in to the downstream cylinder. So is the latter in mode C, which is deemed as the lock-in occurring reversely. Both are weak in mode D, weak interactions. A timing chart of the four modes following Table 1 and Figs. 6(a(iv), b(iv)) is presented in Fig. 6(c) . Mode A appears more frequently, while mode D appears seldom with an intermediate presence of modes B and C. It can be said that as the interaction for a given d/D would be contingent on T/D, the mode analysis is done for T/D = 0, 0.5, 0.6, 0.7, 1.0, and 1.5 and the results are summarized in Table 2 . The prevalence of modes B and C is comparable to each other and about 50% in total. On the contrary, that of modes A and D makes the difference, varying oppositely. At d/D = 1.4, C Lf /C Lf0 was found to increase up to T/D = 0.6 (Fig. 5) , here the occurrence of mode B is observed to boosts (Table 2) at T/D  0.6. The observation implies that the longer prevalence of the mode B partially contributes to the increase in C Lf /C Lf0 . Interestingly, at T/D = 0.7 corresponding to the maximum C Lf for d/D = 1.4 (i.e., the intersection of d/D = 1.4 and the critical line), mode A appears longest (38% of the total time), while mode D appears shortest (16.4%) and modes B and C emerge 22.6% and 22.4%, respectively. That is, the maximum C Lf is mainly due to mode A.
CONCLUSIONS
The interaction between a V-shaped upstream cylinder (width d) and a circular upstream cylinder (diameter D) is examined based on shedding frequency and fluctuating lift force measurements. While d is varied from 0.6 to 2.0D, the downstream cylinder located at a constant streamwise distance x = 10D from the upstream cylinder is laterally displaced systematically from T/D = 0 to 1.5. Furthermore, a velocity measurement of the upstream cylinder wake in the absence of the downstream cylinder is done in order to extract the information on how the d influences the wake. When d/D is increased, the wake becomes wider and a larger velocity deficit in the wake of the Vshaped cylinder is observed. 
ACKNOWLEDGEMENT
Alam wishes to acknowledge supports given to him from the Research Grant Council of Shenzhen Government through grants JCYJ20130402100505796 and JCYJ20120613145300404.
